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Osteogenesis imperfecta (Ol) is caused by dominant
mutations in the type | collagen genes. In principle, the
skeletal abnormalities of Ol could be treated by trans-
plantation of patient-specific, bone-forming cells that no
longer express the mutant gene. Here, we develop this
approach by isolating mesenchymal cells from Ol patients,
inactivating their mutant collagen genes by adeno-
associated virus (AAV)-mediated gene targeting, and
deriving induced pluripotent stem cells (iPSCs) that were
expanded and differentiated into mesenchymal stem cells
(iMSCs). Gene-targeted iMSCs produced normal colla-
gen and formed bone in vivo, but were less senescent and
proliferated more than bone-derived MSCs. To generate
iPSCs that would be more appropriate for clinical use, the
reprogramming and selectable marker transgenes were
removed by Cre recombinase. These results demonstrate
that the combination of gene targeting and iPSC deriva-
tion can be used to produce potentially therapeutic cells
from patients with genetic disease.
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INTRODUCTION

Osteogenesis imperfecta (OI) or brittle bone disease is an excel-
lent candidate disease for an induced pluripotent stem cells
(iPSC)-based therapeutic approach. Severe, life-threatening forms
of OI are incurable and typically caused by dominant mutations
in COLIAI or COLIA2 that disrupt the Gly-X-Y repeat and alter
the collagen triple helix even when mutant and wild-type protein
chains are mixed.! Thus an effective treatment requires either the
elimination or correction of the mutant collagen alleles in bone-
forming cells, rather than the delivery of additional wild-type col-
lagen genes. Because heterozygous null mutations in COL1AI and
COL1A2 result in minimal or no disease symptoms,>* conversion
of the mutant allele to a null form would be therapeutic. We pre-
viously showed that the mutant collagen genes in mesenchymal
stem cells (MSCs) from OI patients could be disrupted by gene

targeting.*> However, this process requires significant expansion
of cells with limited proliferative capacity, and the pool of senesc-
ing, gene-targeted MSCs produced cannot provide sufficient cell
numbers for transplantation and engraftment. In clinical studies
of OI, transplantation of MSCs resulted in limited engraftment
that did not persist.®

iPSCs derived from somatic human cells”® may eventually
be used in autologous cell transplantation therapies without the
risk of graft rejection due to allogeneic histocompatibility fac-
tors. Because iPSCs can be expanded to large numbers before in
vitro differentiation and transplantation, they have the potential
to overcome the limitations seen with MSCs. In addition, human
ESCs can be differentiated down the mesenchymal and osteogenic
lineages in vitro,”' suggesting that iPSCs should also have osteo-
genic potential. For this paradigm to succeed, patient-specific OI
iPSCs must first be engineered to provide appropriate expression
of the wild-type collagen genes, and the pluripotent iPSCs must
be differentiated down the MSC lineage to produce transplantable
cells. Although experiments with human iPSCs have shown that
aspects of other genetic diseases can be corrected by delivering
the relevant gene with viral vectors in a gene addition strategy,'"'?
this approach is not practical for OI due to the dominant nega-
tive effects of the mutant protein. Engineering the mutant OI cells
by gene targeting would allow for inactivation of these domi-
nant negative mutations and ensure that only wild-type collagen
expression occurs.

Recently, mutant disease-causing genes have been targeted
in human iPSCs by using electroporated human bacterial arti-
ficial chromosome constructs or helper-dependent adenoviral
vectors.'>'* These approaches required the assembly of large tar-
geting cassettes, multiple rounds of selection, and/or the screen-
ing of many independent clones. In the case of OI, gene targeting
is even more problematic due to the lack of expression of COL1A1
and COLIA2 in pluripotent cells. Here, we develop an alterna-
tive strategy based on gene targeting with adeno-associated virus
(AAV) vectors before iPSC derivation, which allows us to minimize
the screening of iPSC clones (Figure 1). In this approach, mesen-
chymal cells are isolated from OI patients, an AAV gene-targeting
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Figure 1 Stem cell engineering strategy for osteogenesis imperfecta (Ol). Schematic representation of proposed therapeutic approach for Ol
based on autologous, gene-targeted, transgene-free, pluripotent stem cells.

vector is used to inactivate their mutant collagen genes, iPSCs are
derived from these gene-targeted cells with a floxed, polycistronic
reprogramming vector, all vector-encoded transgenes are deleted
with Cre recombinase, the iPSCs are differentiated into mesen-
chymal and osteogenic cells in vitro, which produce bone in vivo
after transplantation. Here, we show that each of these steps can
be accomplished.

RESULTS

Derivation of iPSCs from gene-targeted Ol MSCs

For reprogramming we used either a previously described com-
bination of four lentiviral (LV) vectors expressing OCT4, SOX2,
LIN28, or NANOG,® or floxed, polycistronic foamy virus (FV)
vectors expressing OCT4, SOX2, KLF4, and MYC separated by
peptide cleavage signals (Supplementary Figure S1a) as used in
other polycistronic vectors."”” FV vectors are integrating retroviral
vectors with a large packaging capacity that efficiently transduce
human MSCs.'* A comparison of several FV vectors showed that
an internal murine leukemia virus long-terminal repeat (LTR)
promoter was most effective at reprogramming normal human
fibroblasts (Supplementary Figure S1b), and the efficiency was
further improved by including a short hairpin RNA cassette
directed against the mRNA encoding the p53 protein as noted
by others."” This latter vector (A®53MOSKMETNW) was as effi-
cient at producing iPSCs as the four LV vector combination. To
generate OI iPSCs, we infected MSCs from several OI patients
with these reprogramming vectors, cultured the cells under ESC
conditions, then picked and expanded clonal iPSC lines. A total
of 75 independent iPSC lines were derived from six individuals
with different collagen mutations (Table 1). The different MSC
cultures had a range of reprogramming frequencies of up to
10 that did not clearly correlate with patient age or the length
of time in culture before reprogramming (Supplementary
Table S1).

Gene-targeted iPSCs were derived from two OI MSC lines
(OIMSC10 and OIMSC12 with COLIAI and COL1A2 mutations
respectively; Table 1). Each MSC line was infected with an AAV
gene-targeting vector designed to knockout collagen expression
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by insertion of an IRES-neo-polyadenylation signal (pA) cas-
sette in exon 1 of COLIAI or exon 2 of COL1A2 (Figure 2a and
Supplementary Figure S2). OI MSCs were infected with these
AAV vectors and selected with G418 to produce polyclonal pop-
ulations for subsequent iPSC derivation. iPSC lines were estab-
lished after infection with either the four LV vectors or FV vector
A®53MOSKMETNW (Table 1) and verified to be independent
based on their provirus integration pattern (Supplementary
Table S2 and data not shown). The reprogramming frequencies
were two to tenfold lower than when parental, untargeted OI
MSCs were infected with the same vectors (Table 1), which pre-
sumably reflects the additional culture period before iPSC deri-
vation. Southern blot analysis showed that three of the four iPSC
lines derived from OIMSC10 were targeted at one COLIAI allele
(Supplementary Figure S2), and 16 of 21 iPSC lines derived from
OIMSC12 were targeted at one COLIA2 allele (Figure 2a and
data not shown). Probing for neo sequences showed that none
of these targeted clones contained random integrants, whereas
the untargeted lines did (data not shown). Either the mutant or
wild-type allele was targeted as determined by sequencing the
mutation sites in complementary DNA (cDNA) prepared from
iPSC-derived embryoid bodies (Figure 2b and Supplementary
Table S2).

The COLI1A2-targeted iPSCs were chosen for further analy-
sis. Transcriptional profiling of four iPSC lines showed they
had a gene expression pattern similar to that of human ESCs
(Supplementary Figure S3), and had activated pluripotency
genes silent in the parental MSCs (Figure 2c). Two lines were
tested for teratoma formation and shown to have trilineage
developmental potential (Figure 2d and Supplementary Figure
S4). We were concerned that the anti-p53 cassette in the FV
reprogramming vector might lead to genomic instability, but
two of the four iPSCe2-FV lines analyzed had cells with nor-
mal karyotypes (Supplementary Figure S5). Three of the four
iPSCe2-FV lines had silenced the FV vector reprogramming
cassette, whereas both iPSCe2-LV clones tested expressed the
LV vector-encoded OCT4, SOX2, and NANOG transgenes
(Supplementary Figure S6).
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Mesenchymal differentiation of gene-targeted iPSCs

Mesenchymal cells were generated from four independent iPSC
lines by embryoid body formation, culturing on gelatin-coated
dishes, then passaging with trypsin and culturing in the presence

© The American Society of Gene & Cell Therapy

of fetal bovine serum as described for human ESCs.’ These iPSC-
derived MSCs (iMSCs) expressed type I collagen in a cellular
pattern similar to OI MSCs (Figure 3a). The collagen proteins
synthesized in iMSCs targeted at the mutant COLIA2 allele were
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Figure 2 Induced pluripotent stem cells (iPSCs) derived from gene-targeted mesenchymal stem cells (MSCs). (a) Southern blot identification
of iPSC clones targeted at COLT1A2. EV, EcoR V; neo, neomycin resistance gene; pA, polyadenylation site; S, stop codons; L, loxP site; OI12, parental
OIMSC12 culture; Poly, polyclonal G418-resistant MSCs transduced with AAV vector. (b) Identification of targeted allele by complementary DNA
(cDNA) sequencing in two gene-targeted clones, with controls of untransduced OI12 iPSCs (iPSC-OI12-FVc3) and a random integrant. TW, wild-type
allele targeted; TM, mutant allele targeted. (c) Pluripotency gene expression as measured by microarray. (d) Teratoma assay of iPSCe2-FVc3. H&E,
hematoxylin and eosin; DAPI, 4,6-diamidino-2-phenylindole; MAP-2, microtubule associated protein-2; AFP, o-fetoprotein; SMA, a-smooth muscle
actin. Bar = 50 um.

Table 1 Ol iPSC lines

Amino acid Established
Cell source Donor age® OI type Mutant gene cDNA change®  substitution® Reprogramming vector(s) iPSC name clones
OIMSC1 12 III COLI1A2 2350G>A G784S ADPMOSKMETNW iPSC-OI1-FV cl-9
AD53MOSKMETNW c10-15
OIMSC4 15 11 COLIAI 3118G>A G1040S Four LV vectors iPSC-OI4-LV cl-14
OIMSC5 12 /v COLI1A2 2288G>T G763V Four LV vectors iPSC-OI5-LV cl
AD53MOSKMETNW iPSC-OI5-FV cl-3
OIMSC10 9 I/1v COLIAI 2317G>A G773S Four LV vectors iPSC-OI10-LV cl-14
OIMSC11 4 1II COLIA2 892- Splice Four LV vectors iPSC-OI11-LV cl-4
11.¢900del*  mutation A®MOSKMETNW iPSC-ONI-FV  cl-8
OIMSC12 15 11T COLIA2 2027G>A G676D Four LV vectors iPSC-OI12-LV cl-7
AOMOSKMITNW iPSC-OI12-FV cl-2
AD53MOSKMETNW c3-9
OIMSC10e1IN® 9 /v COLI1AI 2317G>A G773S Four LV vectors iPSCel-LV cl-4
OIMSC12e2IN¢ 15 111 COLI1A2 2027G>A G676D Four LV vectors iPSCe2-LV cl-7
AD53MOSKMETNW iPSCe2-FV cl-14

Abbreviations: iPSCs, induced pluripotent stem cells; LV, lentiviral; Ol, osteogenesis imperfecta.

*Age of the patient at time of cell isolation in years. °"Numbered from the first base of the start codon. “Numbered from the first methionine of the open reading frame.
4892-11_c.900del is a 20 nucleotide deletion spanning the last 11 nucleotides of intron 17 and the first 9 nucleotides of exon 18. Refers to a polyclonal population
of OIMSC10 infected with the COLTAT AAV gene-targeting vector. Refers to a polyclonal population of OIMSC12 infected with the COLTA2 AAV gene-targeting
vector.
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Figure 3 Mesenchymal differentiation of induced pluripotent stem cells (iPSCs). (a) Collagen expression detected by immunohistochemistry
with anti-human .2 type | procollagen antibody in mesenchymal stem cells (MSCs) and iMSCs. Bar = 100 um. (b) Sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) separation of [*H]-proline-labeled collagen peptides from MSCs and iMSCs targeted at the wild-type allele
(TW), mutant allele (TM) or containing a random AAV vector integrant (Ran). (c) Thermostability curves of collagen produced by MSCs and iMSCs.
(d) Flow cytometry analysis of MSC surface markers with isotype controls filled in black. (e) Hierarchical clustering dendrogram of global gene expres-
sion profiles. Height is Euclidean distance. (f) Percent of cells expressing senescence-associated [3-galactosidase (senescence assay) or incorporating
bromodeoxyuridine (proliferation assay) measured in parental MSCs (OIMSC12) at passage 4 (P4) or 7 (P7), three gene-targeted OIMSC12 clones,
three gene-targeted iMSCe2-FV clones, and three gene-targeted iMSCe2-FV clones that had undergone transgene excision with Cre. (g) Mean
terminal restriction fragment (TRF) length of cell lines from panel f (gene-targeted OIMSC12 clone #3 could not be expanded enough for analysis).
Comparisons using Student'’s t-test are shown. kb, kilobase.

not overmodified by hydroxylases as typically observed in OI  collagen from iMSCs targeted at the mutant allele to that from
cells.” This overmodification slows the migration of both a1(I)  wild-type MSCs, OI MSCs, and iMSCs targeted at the wild-type
and 02(I) peptides (encoded by COLIAI and COLIA2 genes, allele or containing a random AAV vector integrant (Figure 3b).
respectively) during gel electrophoresis, as seen when comparing  Similarly, the collagen produced by iMSCs targeted at the
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Figure 4 iMSCs form bone. (a) RT-PCR of ALPL, RUNX2, and BGLAP genes in the indicated cell lines after osteogenic differentiation, with GAPDH
control. (b) Alizarin red and Von Kossa staining of wild-type mesenchymal stem cells (MSCs) and iMSCs (iMSCe2-FVc2) grown with and without
additional osteogenic differentiation. (c) Serial histological sections of hydroxyapatite/tricalcium phosphate matrices seeded with osteogenic iMSCe2-
FVc4s and stained with Van Gieson’s picric acid fuchsin, Masson'’s trichrome and antibodies against human bone sialoprotein and human type | col-
lagen. Bar = 500 um. Two high power views of the Masson’s trichrome stain are included with arrow indicating osteocytes. Bar = 30 um. (d) Serial
sections of a teratoma derived from iPSCe2-FVc3 and stained as indicated showing bone formation. Bar = 100 um. iPSCs, induced pluripotent stem

cells.

mutant allele had normal structural integrity as determined by
its thermostability when treated with proteases (Figure 3¢ and
Supplementary Figure S7). These findings demonstrate that dis-
ruption of the mutant allele by gene targeting results in normal
collagen production by iMSCs.

Gene-targeted iMSCs were similar to parental OI MSCs in
their expression of mesenchymal cell surface markers (Figure 3d
and Supplementary Table S3) with the notable exception of
CD106, which was not expressed in iMSCs. Global transcrip-
tional profiling and hierarchical clustering showed that all four
iMSC lines were closely related, but could be distinguished
from three parental MSC lines (Figure 3e). Genes upregulated
in iMSCs as compared to MSCs included those involved in cell
growth and replication, whereas downregulated genes were
involved in extracellular protein production and cell-cell inter-
actions (Supplementary Figure S8 and Supplementary Table
S4). There were also differences in the expression of genes related
to cell aging (Supplementary Figure S9). These findings sug-
gested that iMSCs were less senescent than MSCs, which was
confirmed by the decreased expression of senescence-associated
B-galactosidase and increased proliferation rate of gene-targeted
iMSCs in comparison to gene-targeted MSC clones (Figure 3f
and Supplementary Figure S10). Importantly, gene-targeted
iMSCs could be further subcloned and expanded after transgene
removal (see below), without a significant change in senescence-

208

associated [-galactosidase expression or proliferation rate
(Figure 3f). In contrast, gene-targeted MSCs could not be cloned
and expanded after transgene removal (data not shown). MSCs
that undergo replicative senescence have progressive shortening
of their telomeres," so we measured mean terminal restriction
fragment lengths and found that the telomeres of gene-targeted
MSCs were significantly shorter than those of both gene-targeted
and transgene-free iMSCs (Figure 3g). Finally, the lack of senes-
cence in iMSCs was supported by the expression levels of the 14
genes previously shown to be greater than fourfold upregulated
with extended passage of MSCs,” 13 of which were downregu-
lated in iMSCs (Supplementary Table S5).

Bone production by gene-targeted iPSCs

In order to produce bone, iPSCs must first differentiate into osteo-
blasts. This was achieved by differentiation into iMSCs as described
above, followed by further culture in the presence dexamethasone,
B-glycerol phosphate, and ascorbic acid. Gene-targeted iPSCs that
underwent this osteogenic differentiation protocol expressed the
osteogencic genes ALPL and RUNX2 as well as the osteoblast-spe-
cific gene BGLAP (Figure 4a),”' and they deposited minerals in
vitro as shown by alizarin red staining for calcium and von Kossa
staining for phosphate (Figure 4b and Supplementary Figure
S11). When hydroxyapatite/tricalcium phosphate matrices were
seeded with different lines of osteogenic iMSCs and implanted
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into immmunodeficient mice, all four cell lines tested produced
bone based on staining with Van Gieson’s picric acid fuchsin, and
two of these lines were further analyzed and shown to express type
I human collagen and the osteoblast marker sialoprotein in areas
of bone containing osteocytes (Figure 4c and data not shown).
Teratomas were not observed in these implants. Thus iPSCs
can progress through the complete developmental program of
embryoid body to MSC to osteoblast to terminally differentiated
osteocyte. Bone was also found in teratomas produced by inject-
ing undifferentiated gene-targeted iPSCs into the subrenal capsule
of immunodeficient mice (Figure 4d and Supplementary Figure
$12), demonstrating that the entire osteogenic differentiation pro-
cess can also occur in vivo.

We seeded implants with undifferentiated iPSCs or iPSCs cul-
tured directly under osteogenic conditions without prior differen-
tiation into iMSCs to see if a more simplified protocol could still
produce bone as observed in some teratomas. These implants con-
tained little or no bone, but produced teratomas instead, even when
iPSCs were grown for 3 weeks in the presence of fetal bovine serum
(Supplementary Figure S13). Therefore an extended period of in
vitro differentiation and/or passage through an embryoid body and
iMSC intermediate is critical for preventing teratoma formation.

Gene-Targeted Human Osteogenesis Imperfecta iPSCs

Transgene removal from iPSCs

The gene-targeted iPSCs contain reprogramming vector trans-
genes as well as a neo cassette at the targeted collagen locus. These
transgenes should be removed before clinical use to eliminate
foreign antigen expression and prevent unwanted side effects of
reprogramming factors on differentiation or tumor formation.
The polycistronic FV reprogramming vectors contain loxP sites
in each LTR (Figure 5a) to allow for Cre-mediated excision of
all provirus genes, leaving behind a single deleted LTR with no
promoter/enhancer activity.> We infected iPSCe2-FV clones
targeted at the mutant COLIA?2 allele with a nonintegrating FV
vector (NIFV) that transiently expresses Cre, isolated subclones
without selection and screened for Cre-mediated excision events
by Southern blots (Figure 5b). Each intact provirus produces two
LTR-hybridizing fragments as compared to one fragment after
excision. For example, iPSCe2-FV ¢6 has two proviruses and four
LTR bands in Figure 5b (Pla, P1b, P2a, and P2b) that were con-
verted to two excised proviruses with two LTR bands (E1 and E2).
The floxed neo cassette in the targeted COLIA2 allele was also
excised in the Cre-treated subclones that had excised their repro-
gramming vectors (Figure 5c¢,d) to generate transgene-free, gene-
targeted iPSCs. Three stop codons and a pA signal remain in exon
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Figure 5 Transgene removal from induced pluripotent stem cells (iPSCs). (a) Diagram of an integrated floxed reprogramming vector treated
with a nonintegrating FV vector (NIFV-ECreW) expressing codon-optimized Cre to produce a single deleted long-terminal repeat (LTR) remnant. A,
Avr |l sites; E, EF1o. promoter; W, WPRE. (b) Southern blot analysis of Avr lI-digested genomic DNAs showing the removal of both integrated provi-
ruses in iPSCe2-FVc6 subclones 4 and 5. P1a/b and P2a/b, nonexcised provirus LTR fragments; E1 and E2, excised provirus bands. (c¢) COL1A2 locus
schematic showing untargeted, targeted and Cre-excised alleles with numbered exons. N, Nde | sites; ***, 3 stop codons. (d) Southern blot analysis
demonstrating removal of the IRES-neo cassette in the genomic DNAs of Cre-treated iPSCe2-FVc5 and iPSCe2-FVcé6 subclones.

Molecular Therapy vol. 20 no. 1 jan. 2012

209



Gene-Targeted Human Osteogenesis Imperfecta iPSCs

2 of COLIA2 after neo cassette excision to prevent expression of
the targeted collagen gene.

Based on several experiments, ~30% of Cre-treated subclones
underwent provirus excision (data not shown) and we isolated
11 fully excised subclones from three iPSCe2-FV clones, each
of which contained two proviruses (Supplementary Table S2).
These iPSC lines should have minimal genotoxicity, because all
the mapped integrants were either outside genes or within introns
(one provirus could not be mapped). In total, we determined
the chromosomal locations of 27 reprogramming proviruses by
inverse PCR in both OI and normal iPSC lines (Supplementary
Table S2 and data not shown), and found that 11 integrants were
outside genes, 15 were within introns, and 1 was in an exon. Two
transgene-free clones were also differentiated into mesenchy-
mal and osteogenic lineages and shown to form bone in vitro
(Supplementary Figure S11).

DISCUSSION

Here, we have shown that the deleterious mutations present in
iPSCs derived from individuals with genetic diseases can be elim-
inated by gene targeting. We produced 75 different iPSC clones
from the mesenchymal cells of six OI patients by using both LV
and FV reprogramming vectors, thereby establishing an iPSC
bank with different collagen mutations that will be useful for OI
research. We also derived 25 iPSC lines from mesenchymal cells
that had been transduced by AAV gene-targeting vectors, 19 of
which were targeted at COLIAI or COLIAZ2. In three iPSC sub-
clones targeted at the mutant COL1A?2 allele, we also removed all
vector-encoded genes by Cre-mediated recombination.

Several techniques have been used for gene targeting in
human ESCs or iPSCs, including plasmid electroporation,'**2*
viral vectors,'**~?” and zinc finger nucleases to stimulate recom-
bination with site-specific double-strand breaks.®®* Since
COL1A1 and COL1A2 are expressed at low levels (if at all) in
human iPSCs, we chose instead to target these genes in mesen-
chymal cells where they are highly expressed. This allowed us to
use AAV promoter trap vectors, which efficiently target collagen
genes in human mesenchymal cells without inducing potentially
genotoxic double-strand breaks.** By using this approach we
generated polyclonal populations containing many independent
targeted clones that could still be reprogrammed. AAV vectors
can also target genes in human ESCs or iPSCs,*>?* but targeting
before reprogramming may be especially useful for genes that are
not expressed in pluripotent cells, which is the case for many dis-
ease-causing genes. A major advantage of the knockout approach
we employed is that the same targeting vector can be used in mul-
tiple patients, because the homology arms do not need to over-
lap the causative mutations, making it an effective strategy for
dominant diseases such as OI. Engineering the mutant OI cells
by gene targeting would allow for inactivation of these domi-
nant negative mutations and ensure that only wild-type collagen
expression occurs. A similar strategy has been used to inactivate
dominant mutations that cause epidermolysis bullosa in human
keratinocytes.*

Our use of polycistronic, floxed reprogramming FV vectors
was critical for efficiently generating iPSCs, even in cells that had
been previously transduced and selected for gene targeting events.
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Eleven out of fourteen iPSCs derived with these vectors contained
just one or two proviruses (Supplementary Table S2), simplifying
subsequent Cre-mediated transgene excision. These FV vectors
may have a less genotoxic integration site profile than analogous
polycistronic LV vectors that have been used to reprogram human
cells,'>* because they do not preferentially integrate within genes,*
and the deleted LTR remnant produced by Cre-mediated excision
has no promoter or enhancer activity.”® Ultimately, improvements
in reprogramming methods based on nonintegrating vectors,**
RNA transfection,’®* protein transduction,”® and/or chemical fac-
tors may eliminate the need for integrating vectors. An additional
concern is the potential for iPSCs to acquire copy number vari-
ants and other mutations during reprogramming and extended
culture.** If iPSCs are ever to be used clinically, these types of
abnormalities will need to be identified and their clinical signifi-
cance determined.

Although human MSCs are able to proliferate significantly in
vitro, their colony-forming and adipogenic potential decreases
over time and they eventually senesce.®’ In our experience, gene-
targeted MSCs that underwent Cre-mediated transgene removal
had little remaining proliferative capacity and could not be cloned
or expanded, limiting the clinical utility of this approach. Because
iMSCs are derived directly from immortal and pluripotent stem
cells, they can overcome this constraint. The Cre recombination
step is performed on undifferentiated, gene-targeted iPSCs, allow-
ing for unlimited expansion before iMSC differentiation. In addi-
tion, the iMSCs derived from gene-targeted iPSCs are distinct
from parental MSCs by several criteria, with important implica-
tions. First, iMSCs did not express the CD106 cell surface marker,
which is also absent on MSCs isolated from adipose tissue,* fetal
lung,** and amniotic fluid,* consistent with the pluripotent origin
of iMSCs as compared to bone-derived MSCs. Second, the global
transcriptional profile of iMSCs was distinct from that of MSCs,
and the most notable changes in gene expression levels were the
opposite of those observed when comparing late-passage MSCs
to early passage MSCs,” suggesting that iMSCs may represent
a type of MSC found earlier during development. Third, iMSCs
were less senescent than MSCs based on senescence-associated
B-galactosidase expression, proliferation rates, and telomere
length. All these differences suggest that iMSCs will be more
clinically useful than MSCs, with a greater capacity for clonal
expansion, increased longevity, and possibly improved long-term
engraftment with replacement of host MSC populations, which
currently limits clinical MSC transplantation.® Although it is con-
cerning that iMSCs produced less extracellular matrix than bone-
derived MSCs, the fact that iMSCs were able to differentiate into
osteoblasts and produce bone in vivo demonstrates their clinical
potential.

In summary, we have shown that the combination of gene tar-
geting and iPSC derivation can be used to produce a population
of patient-specific, expandable, bone-forming cells with normal
collagen expression that may ultimately be useful for treating OL
We also removed all the reprogramming transgenes and selectable
markers from these gene-targeted iPSCs, which will be necessary
to avoid their unwanted effects on differentiation and oncogenic-
ity, and to eliminate foreign antigens. While our use of OI MSCs
to derive iPSCs could have provided residual epigenetic memory
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that favored subsequent mesenchymal differentiation,* other cell
types such as fibroblasts might produce similar results and be
more easily accessible on a routine basis. Further research will be
required to demonstrate the safety and efficacy of this approach,
which has broad implications for regenerative medicine, since
iPSC-derived cells may offer the same advantages when treating
other genetic diseases where the appropriate adult stem cells can-
not be isolated, genetically manipulated, and/or expanded ade-
quately for transplantation.

MATERIALS AND METHODS

Cell culture. Normal human fibroblasts (Coriell Institute for Medical
Research, Camden, NJ repository number GM05387) were cultured at
37°C in Dulbeccos modified Eagle’s medium (Invitrogen, Carlsbad, CA)
with 10% heat-inactivated fetal bovine serum (HyClone Laboratories,
Logan, UT), 100 U/ml penicillin, and 100 ug/ml streptomycin. OI MSC
lines were established from discarded bone fragments of affected individu-
als undergoing corrective surgery with institutional review board approval,
and the mutations in these OI MSC lines were identified as described previ-
ously.’ O MSCs and normal MSCs (Biowhittaker, Walkersville, MD) were
grown at 37°C in MSC medium consisting of Dulbecco’s modified Eagle’s
medium with low glucose containing 10% characterized fetal bovine serum
(HyClone Laboratories), 100 U/ml penicillin, 100 pug/ml streptomycin, and
supplemented with 2mmol/l L-glutamine. Human iPSCs and ESCs were
either cultured on irradiated mouse embryonic fibroblasts (MEFs) derived
from the progeny of DR-4 mice* crossed with CF-1 mice (Charles River
Laboratories, Wilmington, MA) in Dulbecco’s modified Eagle’s medium/
F12 medium supplemented with 20% knockout serum replacement
(Invitrogen), 1% nonessential amino acid solution, 1% sodium pyruvate,
0.1 mmol/l B-mercaptoethanol, 100 U/ml penicillin, 100 pg/ml streptomy-
cin, and 2 ng/ml basic fibroblast growth factor (ESC medium) as described®
or on ESC-qualified matrigel (BD Biosciences, Bedford, MA) in TeSR 2
medium (StemCell Technologies, Vancouver, BC).

Vectors. AAV gene-targeting vectors designed to disrupt the COLIAI
and COLIA2 genes were prepared as described previously.** FV repro-
gramming vectors plasmids pA®EOSKMITNW, pA®COSKMITNW,
pAOMOSKMITNW, pAOMOSKMETNW, and pA®53MOSKMETNW
(corresponding vectors shown in Supplementary Figure S1) were derived
from pA® and vector stocks were prepared as described.'® The NIFV plas-
mid pNIFV-ECreW was constructed by replacing the MSCV promoter of
pNIFV-MscvCre® with an EF1o. promoter and inserting a WPRE element
downstream of Cre. NIFV vector stocks were prepared with an integrase
mutant helper plasmid as described.” LV vectors plasmids 16,579, 16,577,
16,578, and 16,580 expressing reprogramming factors were obtained from
Addgene (Cambridge, MA), and stocks were prepared as described.*
Plasmid sequences are available on request.

Gene targeting. AAV-mediated gene targeting was performed by infect-
ing 5 x 10* OI MSCs with an AAV targeting vector at an multiplicity of
infection of 2,000 genome-containing particles/cell in one well of a 24-well
plate, passaging the cells to two 10-cm dishes the next day, then selecting
in 0.45mg/ml of active G418 for 10 days to produce a pooled, polyclonal
population of G418-resistant MSCs.

Generation of iPSCs. LV reprogramming experiments were conducted as
previously described.” For FV reprogramming experiments, 1 x 10° fibro-
blasts or MSCs were seeded per well of a 6-well plate in their somatic cell
culture medium on day 0, and infected with FV reprogramming vector
stocks on day I at a multiplicity of infection of 5 G418 transducing units/
cell. On day 2, the cells were treated with trypsin and replated in 10-cm
dishes preseeded with MEFs in their somatic cell culture medium. On day
4, the medium was changed to ESC culture medium and the cells were
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cultured for 10 additional days followed by culture in MEF-conditioned
ESC medium. Colonies with ESC morphology were observed 20-30 days
after transduction, isolated, and expanded for further characterization.

Karyotyping. Standard chromosome G-banding analysis was carried out
in the Cytogenetics Laboratory of the Department of Pathology, University
of Washington (Seattle, WA).

RNA isolation and analysis. Total RNA was extracted using RNeasy mini
kit (Qiagen, Valencia, CA) with on-column DNAse digestion. ESCs and
iPSCs were passaged three times on matrigel in TeSR II medium (StemCell
Technologies) before RNA isolation and microarray analysis to eliminate
MEEF feeder cells. cDNA synthesis was performed from total RNA using
the Superscript III First-Strand Synthesis System, as per the manufac-
turer’s instructions (Invitrogen). PCR was performed with GoTaq Flexi
DNA polymerase (Promega, Madison, WI) and 1 ug of cDNA per reaction.
Targeted COLIAI and COL1A2 iPSC clones were identified by sequencing
PCR products amplified using cDNA primers that flank the known col-
lagen mutations. Transcripts of marker genes RUNX2, ALPL, and BGLAP
were detected with gene specific primers. LV vector transgene expression
was determined using specific forward primers located in the OCT4, SOX2,
NANOG, or LIN28 transgenes and a reverse primer located in the IRES
element. FV vector transgene expression was detected using the Foamy-f
and Foamy-r primers. All primer sequences are shown in Supplementary
Table S6.

DNA isolation and analysis. Genomic DNA was isolated using Puregene
DNA purification system (Gentra Systems, Minneapolis, MN). Southern
blot analysis, plasmid preparation, and restriction digests were performed
according to standard protocols. Radiolabeled probes were synthesized
by random priming using Rediprime II (GE Healthcare, Piscataway, NJ).
Telomere lengths were determined by the TeloTAGGG Telomere Length
Assay kit (Roche Diagnostics, Mannheim, Germany) according to the
manufacturer’s instructions.

iPSC differentiation and characterization. Embryoid bodies were pre-
pared as described” and used to determine which collagen allele was tar-
geted by cDNA sequencing. iMSCs were derived from four independent
iPSC clones as described for human ESCs.” iMSCs and OI MSCs were
stained with the anti-human 0.2 type I procollagen antibody Pro-COL1A2
(Y-18; Santa Cruz Biotechnology, Santa Cruz, CA). Surface marker expres-
sion was detected using the Human Multipotent Mesenchymal Stromal
Cell Marker Antibody Panel (R&D Systems, Minneapolis, MN) per manu-
facturer’s instructions. Collagen protein analysis and melting curves were
performed on iMSC and MSC proteins as described.'®* iMSCS and MSCs
were induced to form bone using osteogenic induction medium consist-
ing of MSC medium plus dexamethasone, L-ascorbic acid, and B-glycerol
phosphate as described.* Alizarin red and Von Kossa staining were per-
formed as previously described.***’ For in vivo bone formation, cells were
seeded in hydroxyapatite/tricalcium phosphate ceramic-type I bovine
fibrillar collagen matrices (Zimmer, Warsaw, IN) after in vitro differen-
tiation then grown in immunodeficient mice for 8 weeks as previously
described.* Teratomas were grown in NOD.Cg-Prkdc““IL2rg"™"/Sz] mice
(The Jackson Laboratory, Bar Harbor, ME) as described.”” Histological
analysis of teratomas and implants included staining with hematoxylin
and eosin, hematoxylin and Van Gieson’s picric acid fuchsin, Von Kossa
stain Masson’s trichrome stain or antibodies against-human type I collagen
monoclonal antibody (Sigma, St Louis, MO) or human bone sialoprotein
(Millipore, Billerica, MA) following the manufacturers’ instructions.

Transcriptional profiling array analysis. RNA samples were hybridized
to HumanHT-12 v3 Expression BeadChip arrays (Illumina, San Diego,
CA). Arrays were processed by the Fred Hutchinson Cancer Research
Center’s Genomics Shared Resource (Seattle, WA). The gene expression
levels of all RefSeq genes were quantile normalized. Hierarchical clustering

211



Gene-Targeted Human Osteogenesis Imperfecta iPSCs

was performed by means of the Euclidean distance with average linkage
method using TM4 software (http://www.tm4.org/). The similarity met-
ric for comparison between different cell lines is indicated on the height
of cluster dendrogram. Cell line comparisons were conducted using the
Bioconductor package “limma” (http://bioconductor.org/) by calculating
the 75th percentile of negative controls for each array and using this as
a minimum signal intensity threshold value to be applied to each array.
For probe sets considered detectable, microarray data normalized to the
median and log2 ratios were calculated for iMSCs versus MSCs. Genes that
were more than twofold up- or downregulated in iMSCs were further clas-
sified by GeneOntology analysis using the David web server (http://david.
abcec.ncifcrf.gov/).

Cellular senescence and proliferation assays. To determine cellular senes-
cence, iIMSCs or MSCs were plated at a density of 50,000 cells per well of
a 12-well plate and allowed to attach overnight. The next day, cells were
stained with bromo-chloro-indolyl-galactopyranoside at pH 6.0 using the
Cellular Senescence Assay kit (Millipore) per the manufacturer’s instruc-
tions. Staining for bromodeoxyuridine incorporation into proliferating
cells was accomplished by plating iMSC or MSCs at a density of 20,000
cells per chamber of a Lab-Tek 4 chamber slide (Nalge Nunc International,
Rochester, NY), allowing the cells to attach overnight, and incubating with
bromodeoxyuridine at 10 pmol/l for 24 hours. The cells were then fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 20 min-
utes, washed once with PBS, permeabilized in 2 N hydrochloric acid for
20 minutes at 37 °C, and washed again in PBS. Cells were blocked in 10%
rabbit serum plus 0.4% Triton X-100 for 60 minutes, and then stained with
rat anti-bromodeoxyuridine antibody (1:100 dilution; Abcam, Cambridge,
MA) overnight. The next day the cells were washed with PBS and stained
with a rabbit anti-rat secondary antibody (Alexa 488; Millipore) for
60 minutes, washed with PBS, and then coverslips were mounted with
VECTASHIELD mounting medium and DAPI (Vector Laboratories,
Burlingame, CA).

Cre-mediated excision of transgenes. To generating transgene-excised
iPSCs clones, 25,000 cells were plated per well of a 48-well plate preseeded
with MEFs on day 1. On day 2, iPSCs were transduced with NIFV-ECreW
at an multiplicity of infection of 5,000 vector genomes per cell. Medium
was changed on day 3 and the cells were passaged to one well of a 12-well
plate on day 6. The iPSC colonies were disaggregated into single cells using
accutase (Stemgent, San Diego, CA) on day 8, counted and plated at den-
sities of 1,000, 2,000, and 4,000 cells per well of a 6-well plate. Cells were
grown in medium without selection and then individual colonies were
picked 18-20 days later and expanded. Genomic DNA was extracted,
digested with Avr IT and analyzed by Southern blots.

SUPPLEMENTARY MATERIAL

Figure S1 Reprogramming vectors.

Figure $2 iPSCs derived from Ol MSCs targeted at COLTAT.

Figure $3 Global and pluripotency gene expression analysis of ESCs,
iPSCs, MSCs, and iMSCs.

Figure $4 Trilineage teratoma assay of iPSCe2-LVc4.

Figure S5 Normal karyotypes of iPSCe2-FV cell lines.

Figure $S6 Expression of reprogramming transgenes in iPSCs.

Figure S7 Collagen thermostability.

Figure S8 Gene ontology analysis of differentially expressed genes in
iMSCs compared to MSCs.

Figure S9 Expression of cell aging genes.

Figure S10 Senescence-associated B-galactosidase (B-Gal) staining
and bromodeoxyuridine (BrdU) incorporation.

Figure $S11 Calcium and phosphate deposition by iMSCe2-FV
clones.

Figure $12 Gene-targeted iPSCs form bone in teratomas.

Figure $13 Teratoma formation by differentiated iPSCs.

Table S1 Reprogramming frequencies.
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Table $2 Gene-targeted iPSC lines.

Table $3 Surface marker expression on iMSCs.

Table $4 Genes with more than fourfold difference in expression
levels in iMSCs vs MSCs.

Table S5 Genes more than fourfold upregulated in senescent MSCs.
Table $S6 PCR primers.
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